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Abstract

Neuroadaptation and neurodegeneration in central dopaminergic and serotonergic systems are central to vulnerability, process
and consequences of addictive behavior. Serotonergic dysfunction has been associated with behavior disinhibition and negative
mood states that may predispose to excessive alcohol intake, while alcohol-induced stimulation of dopaminergic
neurotransmission may encode the reinforcing properties of alcohol consumption. Chronic alcohol intake induces neuroadaptive
reductions in striatal dopamine transporter (DAT) and D2 receptor availability, which were reversible during early abstinence. A
polymorphism of the DAT gene (SLC6A3) was associated with the in vivo transporter availability in the putamen of abstinent
alcoholics and control subjects. The same genotype was associated with severity of alcohol withdrawal symptoms, hypothetically
due to interactions of genotype and alcohol-induced neuroadaptation. Reduction in raphe serotonin transporter (5-HTT)
availability was observed in abstinent male alcoholics and it may be the result of neurodegeneration rather than reversible
neuroadaptation. Neurotoxic reduction in 5-HTT protein expression seems to be limited to homozygous carriers of a long, more
transcriptionally active allele of a promoter repeat polymorphism of the S5-HTT gene (SCL6A4). This genotype was also
associated with a low level of acute unpleasant effects of alcohol consumption, a factor predisposing to excessive alcohol intake.
The time course of neuroadaptation and recovery of monoaminergic neurotransmission in alcohol intake and withdrawal imply
that monoamine transporter genotype could profoundly influence alcohol-induced reinforcement and, perhaps, contribute to
neurochemical changes which are long lasting or permanent. © 2000 Elsevier Science Ltd. All rights reserved.
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ation of these neurotransmitters. The dopaminergic
reward system has long been a focus of addiction
research, because different drugs of abuse including
alcohol stimulate dopaminergic neurotransmission and

1. Introduction

Alcohol intake affects a multitude of neurochemical
processes, posing challenges to researchers attempting
to identify the effects relevant to reinforcement and the thus reinforce drug intake (Wise, 1988; di Chiara and
long-lasting changes which occur in the brains of alco- Imperato, 1988; Robinson and Berridge, 1993; Rob-
holics. Alcohol’s effects on monoaminergic neurotrans- bins and Everitt, 1996). Conversely, serotonergic
mitter systems are of special interest (Higley et al.,
1996; Mash et al., 1996) due to the involvement of
dopamine and serotonin in reward and behavioral in-
hibition, and due to new information on genetic vari-

stimulation of the behavior inhibition system may inhi-
bit ongoing behavior (Gray, 1982), hypothetically due
to the unpleasant feelings of punishment encoded by
this neurotransmitter system (Cloninger, 1987a). Dys-
function of this “punishment system’ due to a seroto-
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nergic deficit may predispose towards disinhibited,
impulsive drug intake and anti-social behavior (Lin-
noila et al., 1983; Cloninger, 1987b). Several studies
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among early-onset alcoholics have observed a dysfunc-
tion of central serotonergic neurotransmission as
assessed by low concentrations of the serotonin metab-
olite 5-hydroxyindoleacetic acid in the cerebrospinal
fluid (5-HIAA in CSF) (Fils-Aime et al., 1996; Le
Marquand et al., 1994a). More recently the mood-
enhancing effect of higher serotonin release has been
confirmed: increase in synaptic serotonin induced by
selective serotonin reuptake inhibitors or ‘‘ecstasy”
(3,4-methylenedioxymetamphetamine; MDMA)
decreases negative mood states (Artigas, 1995; Huether
et al., 1997). Negative mood states may be a primary
correlate of serotonergic hypofunction, while clinical
depression or impulsive aggression may develop under
the influence of additional factors including social
learning or isolation stress (Raleigh and McGuire,
1984, 1991; Knutson et al., 1998).

Alcohol and neurotransmitter functions may interact
at least at three levels: genotype, neuroadaptation and
neurodegeneration (Halliday et al., 1993; Pato et al.,
1993; Koob and LeMoal, 1997; Nestler and Aghaja-
nian, 1997). Studies on these processes in humans and
non-human primates are warranted because of import-
ant anatomical and functional differences in monoami-
nergic neurotransmission between rodents and
primates (Berger et al., 1991; Lynd-Balta and Haber,
1994a, 1994b) as well as genetic differences which may
be specific to the human. The evidence for neuroadap-
tation and neurodegeneration will be reviewed separ-
ately for dopaminergic and serotonergic
neurotransmission, followed by a short discussion of
general implications.

2. Chronic alcohol effects on central dopaminergic
neurotransmission

Alcohol intake stimulates the firing rate of dopamin-
ergic neurons that project to the ventral and dorsal
striatum (Mereu et al., 1984; Imperato and di Chiara,
1986). In several studies on rodents, chronic alcohol
intake was associated with a counteradaptive down-
regulation of post-synaptic striatal dopamine D2
receptors, which recovered within the first week of
abstinence (Pellegrino and Druse, 1992; Rommelspa-
cher et al., 1992). In humans, a reduction in striatal
dopamine D2 receptor availability was observed in
positron-emission-tomography (PET) studies (Hictala
et al., 1994; Volkow et al., 1996). A reduction in the
sensitivity of central dopamine D2 receptors was also
found in challenge studies with the dopamine agonist
apomorphine (Balldin et al., 1992; Heinz et al., 1995a).
Further studies in alcoholics confirmed that similar to
animal studies, the reduction of central D2 receptor
sensitivity was not permanent and it returned towards
control levels within one week after detoxification. A

prolonged recovery of central D2 receptor sensitivity
was predictive of subsequent poor treatment outcome
(Heinz et al., 1996a), and in some patients with early
relapses, dopamine D2 receptor sensitivity did not
reach control levels even during a prolonged obser-
vation period of three months after detoxification
(Fig. 1; Dettling et al., 1995).

As patients with prolonged recovery of central D2
receptors and poor treatment outcome did not differ
from treatment responders in the amount of lifetime
alcohol consumption or other clinical variables (Det-
tling et al., 1995; Heinz et al., 1995a), it was suggested
that the genetic constitution of the dopamine D2
receptor may mediate prolonged recovery from chronic
alcohol intoxication. Studies on D2 genotype versus
D2 receptor density which do not take into account
prior alcohol exposure and duration of abstinence, are
difficult to interpret (Noble et al., 1991). While an
exon 8 polymorphism of the dopamine D2 receptor
gene (DRD?2) was found to interact with central dopa-
minergic sensitivity during chronic alcohol intoxication
(Finckh et al., 1997), no such interactions with either
the DRD2 exon 8 or the TaqlA polymorphism were
found during early abstinence (Heinz et al., 1996b;
Finckh et al., 1997). Studies of Goldman et al. (1997,
1998) did not support the hypothesis that reduced
dopamine D2 receptor sensitivity in abstinent alco-
holics is genetically determined. They found no associ-
ation between alcoholism and a functionally relevant
polymorphic variant of the D2 receptor protein, the
amino acid substitution Ser311 — Cys (Cravchik et al.,
1996). A D2 promoter polymorphism which affects the
transcription of this gene (Ishiguro et al., 1998) would
be of particular interest to evaluate. Meanwhile, sev-
eral lines of evidence suggested that post-synaptic D2
receptor sensitivity may remain reduced during absti-
nence because pre-synaptic dopamine release is sensi-
tized even in the absence of chronic alcohol intake.
How could that be the case?

3. Conditioned dopamine release in abstinent alcoholics

During detoxification, ethanol-induced dopamine
release terminates and synaptic dopamine concen-
trations decrease. These events occur during the first
24 h of abstinence (Rossetti et al., 1992). However,
phasic dopamine release may be stimulated during
abstinence by conditioned stimuli (“‘cues’) previously
been associated with alcohol reward (Schultz et al.,
1993, 1997; Robinson and Berridge, 1993). The stimu-
lus-dependent dopamine release attributes incentive
salience to the conditioned stimulus, and may subjec-
tively be experienced as craving for the drug reward
which was originally associated with the conditioned
cue (Berridge and Robinson, 1998). Stimulus-depen-
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dent, sensitized dopamine release may be both frequent
and substantial: studies of pre-synaptic striatal dopa-
mine synthesis with DOPA-PET and of peripheral and
central concentrations of dopamine and its major
metabolite, homovanillic acid (HVA), indicate that
dopamine turnover is increased among abstinent alco-
holics (George et al., 1992, 1999; Heinz et al., 1995b;
Tithonen et al., 1998). Further, in three of these stu-
dies, the indices of increased dopamine turnover were
associated with poor treatment outcome (George et al.,
1992, 1999; Heinz et al.,, 1996b). Post-synaptic D2
receptor down-regulation in the striatum may thus
compensate for the sensitized conditioned pre-synaptic
dopamine release (Fig. 1).

4. Alcohol effects on dopamine transporter availability
during early abstinence

The effects of increased pre-synaptic dopamine
release may be potentiated by reduced dopamine clear-
ance from the synaptic cleft. Dopamine transporters
play a major role in the regulation of synaptic dopa-
mine concentrations (Giros et al., 1996; Heinz et al.,
1999). The dopamine transporter could respond to
chronic alcohol administration. In fact, Tithonen et al.
(1995) observed reduced dopamine transporter avail-
ability measured with single-photon-emission-tomogra-
phy (SPECT) in the striatum of alcoholics with late
disease onset. However, two other studies failed to
confirm a reduction in dopamine transporters in alco-
holics (Volkow et al., 1996; Heinz et al., 1998a). A
study of Laine et al. (1999) showed that the time
course of recovery during detoxification may explain
the heterogeneous study results: striatal dopamine
transporter availability was reduced in alcoholics who
had been detoxified for four days, however, it had
increased towards a normal range when the subjects
were tested again after four weeks of abstinence. In
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the study of Tiihonen et al. (1995), alcoholics had not
been selected for duration of abstinence, and data col-
lection in subjects scanned early after detoxification
may have influenced the study results.

5. Genotype effects on dopamine transporter availability

Another factor that may affect in vivo dopamine
transporter (DAT) availability is the genetic consti-
tution of the DAT protein or genetic differences in
transcription of this gene or the function of its
mRNA. A polymorphism of the 3" untranslated region
of the DAT gene (SLC6A3; Vandenbergh et al., 1992;
Sano et al., 1993) has been associated with the severity
of withdrawal symptoms among alcoholics (Sander et
al., 1997; Schmidt et al., 1998). Further, Gelernter et
al. (1994) observed a significant association of this
polymorphism with paranoia induced by cocaine, a
potent DAT blocker, and Sabol et al (1999) recently
reported association of this polymorphism with the
ease of smoking cessation. Because each of these clini-
cal associations could conceivably be explained by
genetically determined variations in synaptic dopa-
mine, a brain imaging study assessed the relationship
of this polymorphism to variations in the availability
of the DAT protein (Heinz et al., 2000a). The variable
number of tandem repeat (VNTR) polymorphism in
the 3’ region of SLC6A3 was genotyped and the avail-
ability of striatal DAT protein was measured in absti-
nent alcoholics and control subjects. Single photon
emission computed tomography (SPECT) with the
radioligand  [I-123]-2B-carbomethoxy-3-(4-iodophe-
nyl)tropane ([I-123] B-CIT) was used to determine the
effective binding potential, a quantitative measure of
DAT availability (Laruelle et al., 1993, 1994).

Consistent with earlier studies, striatal dopamine
transporter availability was not reduced among alco-
holics after four weeks of abstinence (Volkow et al.,
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risk '

normal
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v

Fig. 1. Pre- and post-synaptic dopamine release, turnover and reuptake in alcohol-preferring primates during chronic alcohol intake and in alco-
holics during chronic alcohol intoxication and abstinence. Alcohol stimulates the firing rate of dopaminergic neurons and chronic alcohol con-
sumption seems to induce a down-regulation of dopamine transporters (Mash et al., 1996; Laine et al., 1999) and central dopamine D2 receptors
(DRD2) (Heinz et al., 1996a, 1996b; Volkow et al., 1996). During early abstinence, alcoholics with a good treatment outcome showed rapid
recovery of dopaminergic neurotransmission while alcoholics with poor treatment outcome displayed a high dopamine turnover rate and a
reduced sensitivity of central dopamine D2 receptors (George et al., 1992, 1999; Dettling et al., 1995; Heinz et al., 1995, 1996a), hypothetically
due to a sensitization of dopaminergic neurotransmission (Robinson and Berridge, 1993).
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1996; Laine et al., 1999). Nor was alcoholism per se
associated with DAT genotype. However, DAT geno-
type was associated with transporter availability in the
putamen: individuals with the 9-repeat/10-repeat geno-
type had a mean 22% reduction of DAT protein avail-
ability in putamen compared with 10-repeat
homozygous individuals (Heinz et al., 2000a). This
finding suggest that the VNTR polymorphism of the
DAT gene affects DAT protein levels. The differences
in DAT availability may be clinically important during
early withdrawal, when rapid changes of dopamine
release occur (Rossetti et al., 1992; Heinz et al., 1995a,
1996a). This observation may explain the association
between this DAT polymorphism and severity of alco-
hol withdrawal symptoms and other clinical phenom-
ena (Gelernter et al.,, 1994; Sander et al., 1997;
Schmidt et al., 1998; Sabol et al., 1999).

6. Dopamine transporter changes in alcoholism:
neurodegeneration or neuroadaptation?

During early abstinence, both alcohol and genotype
effects seem to influence DAT availability. It is not
known why DAT availability is reduced within the
first days of abstinence (Laine et al., 1999). The rapid
recovery of striatal dopamine transporters observed by
Mash et al. (1996) and Laine et al. (1999) mirrors the
changes in other areas of dopaminergic neurotrans-
mission such as dopamine receptor sensitivity (Heinz
et al., 1995b). The normal DAT availability observed
among alcoholics after a few weeks of abstinence
(Volkow et al., 1996; Heinz et al., 1998a; Laine et al.,
1999) argues against a previous loss of dopamine
transporters due to neurodegeneration, which may
probably not be compensated within such a short
time. Eshleman et al. (1993) suggested that alcohol-
induced dopamine release may be in part mediated by
dopamine transporters in a functional reversal of their
normal role. If this is the case, a down-regulation of
pre-synaptic dopamine transporters may help to coun-
teract alcohol effects on the dopaminergic system. It
would thus represent a neuroadaptive process similar
to the down-regulation of post-synaptic D2 receptors,
which may explain the comparable time course of
recovery during early abstinence (Fig. 1; Heinz et al.,
1995b; Mash et al., 1996; Laine et al., 1999). Further
studies will have to be done to characterize the role of
the dopamine transporter in chronic alcohol intake.

7. Alcohol and genotype effects on raphe nuclei
serotonin transporters

In humans and non-human primates, serotonin
transporter availability can be measured with SPECT

and the radioligand B-CIT in the dorsal brainstem
(raphe nuclei) area, the site of origin of subcortical
and cortical serotonin projections (Laruelle et al.,
1993; Heinz et al., 1998a, 1998b). In the raphe area, p-
CIT is exclusively displaced by selective serotonin re-
uptake inhibitors but not substances such as GBR,
which selectively bind to dopamine transporters (Lar-
uelle et al., 1993). Among male alcoholics, a reduction
of raphe serotonin transporters has been observed
after four weeks of abstinence (Heinz et al., 1998a).
Loss of serotonin transporters in male alcoholics thus
seems to be more profound or persistent than re-
ductions in striatal dopamine transporters, which
usually returned to normal levels at this time of absti-
nence (Heinz et al., 1998a; Laine et al., 1999). In ac-
cordance with this observation, Halliday et al. (1993)
observed a significant loss of brainstem serotonergic
cells in alcoholics. As a substantial number of neurons
that originate in the raphe area innervate other raphe
nuclei (Baumgarten and Grozdanovic, 1997), a loss of
serotonergic neurons would also affect the density of
presynaptic serotonin transporters in this brain area.
The reduction in serotonin transporters among male
alcoholics was correlated with the amount of lifetime
alcohol intake and may thus represent a neurotoxic
effect of chronic alcohol consumption on brainstem
serotonin neurons and transporters (Heinz et al.,
1998a).

The reduction of raphe serotonin transporters was,
however, not observed among all male alcoholics but
only in a specific genetic subgroup, namely homozy-
gote carriers of the long (““/”) allele of the promoter
for the serotonin transporter gene (“‘/l-homozygotes’)
(Heinz et al., 2000b). It has been suggested by Lesch et
al. (1996) that this genotype is associated with an
increased serotonin transporter density and functional
capacity among healthy control subjects, and a similar
increase in serotonin transporter availability was
observed in this genotype among male healthy control
subjects in vitro (Little et al., 1998) and in vivo (Fig. 2;
Heinz et al., 2000b). In a prospective study of young
men over 15 years, this genotype was associated with
low acute unpleasant effects of alcohol intake before
chronic alcohol intake was started and with an
increased risk to develop alcoholism (Schuckit et al.,
1999). Interestingly, an increased availability of brain-
stem serotonin transporters was also associated with
reduced CSF 5-HIAA concentrations, low acute alco-
hol effects and a disposition towards excessive alcohol
consumption among male non-human primates (Heinz
et al., 1998b). After chronic alcohol intake, this same
genotype may render subjects vulnerable to the toxic
effects of chronic alcohol intake and thus result in a
pronounced loss of raphe serotonin transporters
(Fig. 2; Heinz et al., 2000b). An alternative interpret-
ation is based on the fact that the radioligand B-CIT
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competes with endogenous serotonin for binding at the
serotonin reuptake sites (Jones et al., 1998). Therefore,
the in vivo decrease in serotonin transporter avail-
ability among male abstinent //-homozygote alcoholics
may be due to increased synaptic serotonin concen-
trations and not to a real loss of serotonin transpor-
ters.

This interpretation, however, is not easily reconciled
with the observation of reduced brainstem serotonergic
neurons among alcoholics (Halliday et al., 1993). This
latter observation may indicate that the in vivo obser-
vation of reduced radioligand binding to serotonin
transporters represents a loss of reuptake sites in the
raphe area due to alcohol-induced neurodegeneration.

8. Summary and general implications

A few conclusions can be drawn from this review of
genotype effects on monoaminergic neuroadaptation
and neurodegeneration in alcoholism. Firstly, it is of
primary importance to monitor the time course of
changes in dopaminergic and monoaminergic neuro-
transmission during chronic alcohol intake and absti-
nence. Several studies indicated that alcohol
consumption stimulates dopamine and serotonin
release (Imperato and di Chiara, 1986; Le Marquand

et al., 1994a; 1994b) and induces post- and also poten-
tially pre-synaptic neuroadaptation (Mash et al., 1996;
Heinz et al., 1995a; Laine et al., 1999). These neuroa-
daptive changes seem to recover during early absti-
nence with a wide inter-individual variation, which
may be predictive of the relapse risk of alcoholics
(Heinz et al., 1996a). Measurements of monoaminergic
neurotransmission that include only one time point
thus run the risk of mistaking a state of neuroadapta-
tion or recovery for persistent neurodegeneration. Sec-
ondly, it is important to assess several factors of
monoaminergic  neurotransmission  simultaneously.
Increased stimulus-dependent dopamine release may be
associated with an adaptive down-regulation of post-
synaptic dopamine D2 receptors (Heinz et al., 1999),
and a reduction in dopamine or serotonin reuptake
sites may be correlated with increased synaptic neuro-
transmitter concentrations (Giros et al., 1996; Heinz et
al., 1998b, 1999). An observed reduction in striatal
dopamine transporters during chronic alcohol intake
can, therefore, not be interpreted as an indication of
reduced dopaminergic neurotransmission, but may
even be associated with indicators of increased dopa-
mine turnover (Mash et al., 1996). Thirdly, genotype
effects have been observed that may modify neuroa-
daptation and neurodegeneration of monoamine trans-
porters. The genetic constitution of the DAT gene was
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Fig. 2. Effective binding potential (BP’) of the radioligand B-CIT to serotonin transporters in the raphe area of homozygous carriers of the long
allele (/l-homozygotes: LL; left) versus carriers of the short allele (s-carriers:, Sx; right) of the promoter for the serotonin transporter (5-HTT)
gene in normal controls (NC) and alcoholics (ALC). In accordance with in vitro data (Lesch et al., 1996), /l-homozygote control subjects dis-
played a significant increase in the availability of raphe 5-HTT as compared with s-carriers. Among alcoholics, only //-homozygotes showed sig-
nificantly reduced availability of raphe serotonin transporters, potentially due to the effects of long-term alcohol intoxication in this genotype.



430 A. Heinz, D. Goldman | Neurochemistry International 37 (2000) 425-432

associated with in vivo transporter availability in the
putamen (Heinz et al., 2000a) and it may interact with
the severity of alcohol withdrawal symptoms during
the first days of abstinence (Sander et al., 1997;
Schmidt et al., 1998), when dopamine transporters are
still recovering from the effects of chronic alcohol
intake (Mash et al. 1996; Laine et al., 1999). A longer-
lasting, potentially permanent reduction in serotonin
transporters was found in a genetically defined sub-
group of male alcoholics, who were homozygous car-
riers of a long, transcriptionally more active allele of
the promoter for the serotonin transporter gene (Heinz
et al., 2000b). Subjects with this genotype were predis-
posed to excessive alcohol intake (Schuckit et al.,
1999) and may be specifically vulnerable to chronic
alcohol intoxication (Heinz et al., 2000b). The reason
for this vulnerability is not known and may include
toxic effects on raphe neurons, effects of alcohol with-
drawal or stress-induced cortisol release (Slotkin et al.,
1997). Further studies will be necessary to characterize
better the genotype-environmental interactions that
modify monoamine neurotransmitter release and re-
uptake in alcoholism so that potentially reversible neu-
roadaptations can be distinguished from
neurodegeneration.
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